Dahlia (Dahlia variabilis) exists in a dazzling array of cultivars, showing red, orange, magenta, lilac, yellow and white flower color, which is exclusively based on the presence of flavonoids and biochemically related compounds. Red hues (red, orange, magenta, lilac) are a result of anthocyanin accumulation in varying concentration and composition, while a yellow color is based on the formation of 6'-deoxychalcones in the petals. Red dahlia pigments are all derived from pelargonidin and cyanidin. Delphinidin derivatives are not formed due to the absence of flavonoid 3',5'-hydroxylase in dahlia petals, which provides an explanation for the lack of blue dahlia flowers. Orange, lilac and rose cultivars are characterized by a lower anthocyanin content compared to many red cultivars. We investigated 198 cultivars for the presence of flavonoid enzymes. The activities of chalcone isomerase (CHI), chalcone synthase (CHS), dihydroflavonol 4-reductase (DFR), flavanone 3-hydroxylase (FHT), flavone synthase II (FNSII), flavonol synthase (FLS) and flavonoid 3'-hydroxylase (F3'H) were demonstrated in enzyme preparations of dahlia petals. CHI accepted 6'-hydroxychalcones as substrates, but did not catalyze the conversion of 6'-deoxychalcones to the corresponding flavanones. White cultivars were frequently characterized by the lack of DFR activity, whereas in many yellow cultivars neither FHT nor DFR activity could be shown.
Dahlia (Dahlia variabilis hort.) is a highly estimated garden flower, which shows a broad variation in size, form and color. Dahlia is endemic to Mexico, Central America and northern South America and 35 wild types are known [1] . D. variabilis is a result of crossings of D. sorensii and D. coccinea [2, 3] and is therefore polyploid. Garden dahlia flowers may show every imaginable hue of red, orange and magenta, and there are also white and yellow cultivars. However, blue dahlia flowers do not exist. More than 20,000 cultivars are known and due to ongoing world-wide breeding activities the number is still increasing. Currently, the breeding process is based on random crossings, as genetically defined material is not available and the biochemical and molecular basis of specific dahlia attributes is still unknown. The availability of biochemical and molecular data on flower color generation in dahlia would provide valuable information for a more purposeful breeding in future. Dahlia flower color is exclusively based on the accumulation of flavonoids and biochemically related compounds [1, [4] [5] [6] [7] ; derivatives of anthocyanidins, chalcones, flavanones, flavones and flavonols were reported to be present in dahlia petals. The basic flavonoid structures are modified by hydroxylation, glucosylation and further acylation, and this results in the broad spectrum of flavonoid compounds found in dahlia [1, [4] [5] [6] [7] . In contrast to anthocyanidins and chalcones, which are colored compounds, flavanones, flavones and flavonols are colorless. However, flavones and flavonols indirectly contribute to flower coloration as they interact with anthocyanins and thereby stabilize their structures, which are quite NPC Natural Product Communications sensitive to oxidation and hydrolytic attack [8] . Therefore, flavones and flavonols are called copigments, and their presence often does not only influence the intensity but also the hue of the flower color.
Red, magenta and orange coloration is a result of anthocyanin (anthocyanidin glycoside) accumulation. Derivatives of pelargonidin (4'-hydroxylated B-ring) and cyanidin (3',4'-hydroxylated B-ring) are formed, but no delphinidin derived pigments (3',4',5'hydroxylated B-ring) can be found ( Figure 1 ). Orange coloration is due to the simultaneous presence of anthocyanins and yellow pigments. In contrast to the majority of flowers, yellow coloration in dahlia is not a result of carotenoid accumulation, but of the formation of chalcones [1] . However, dahlia does not accumulate derivatives of the common 6'-hydroxychalcones, which are intermediates in the flavonoid pathway ( Figure 2) , as is the case in snapdragon (Antirrhinum majus) and carnations (Dianthus caryophyllus) [9, 10] . In dahlia, the rare 6'-deoxychalcones are probably formed by co-action of chalcone synthase (CHS) and polyketide reductase (PKR), as described for soybean [11] ( Figure 2 ).
The flavonoid pathway has been intensively studied in numerous plants and the enzymes involved in the formation of the flavonoid classes present in dahlia are well-known. Figure 2 gives an overview of flavonoid biosynthesis relevant for dahlia. Anthocyanidins are formed by the consecutive action of CHS, chalcone isomerase (CHI), flavanone 3-hydroxylase (FHT), dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS). Flavanones and 6'-hydroxychalcones are intermediates in the anthocyanidin biosynthesis, whereas the formation of flavones, flavonols and 6'-deoxychalcones interferes with anthocyanidin formation. The responsible enzymes, flavone synthase (FNS), flavonol synthase (FLS) and CHS/PKR, respectively, form branching points by using intermediates from the pathway leading to anthocyanidins ( Figure 2 ).
Flavonoid enzymes were first demonstrated in crude enzyme preparations from cell cultures and flower petals. In some cases, enzymes were also purified and later, identification of corresponding genes led to the investigation of single enzymatic steps with recombinant enzymes. However, ANS and PKR reactions could not be demonstrated in crude plant preparations so far [12] and were, therefore, only studied with recombinant and/or purified enzymes. With the exception of DFR and FHT [13, 14] , flavonoid biosynthesis in dahlia was only studied at the level of modifying enzymes in the past [15] [16] [17] .
Here we provide the first systematic investigation of 198 dahlia cultivars for the biochemical base of flavonoid formation.
Red dahlia cultivars showed anthocyanin contents up to 21 µmol pelargonidin-equivalents per g fresh weight. However, there was a strong variation in the anthocyanin content ( Figure 3 , left pie chart). As a rule, pelargonidin and cyanidin derivatives were simultaneously present; no cultivar could be identified that accumulated only one of the two anthocyanidin types. However, in scarlet cultivars, pelargonidin based pigments clearly dominated over cyanidin derived pigments (data not shown). Even lilac and magenta cultivars were exclusively based on the presence of pelargonidin and cyanidin derivatives, thus these bluish hues seem to be due to effects related to modification, copigmentation or pH. Interestingly, many red dahlia petals show a pure yellow zone at the petal base. It remains unclear whether this is related to any physiological function such as pollinator attraction (visible honey guides) or differentiated needs for UV-protection.
As expected, all enzymes involved in anthocyanidin biosynthesis could be shown in the red cultivars, with the exception of ANS, which could not be demonstrated in crude enzyme preparations from dahlia petals, despite many efforts. However, as explained before, this seems to be a general problem, which has not been solved so far [12] . For red, magenta, lilac and rose cultivars, an overview of the results is provided as supplementary data. All cultivars tested showed a rather low FLS activity compared to the activities of the other flavonoid enzymes. Thus, it may be assumed that copigmentation in dahlia is rather based on flavones than on flavonols. CHS preferred p-coumaroyl-CoA (4-hydroxycinnamic acid CoA ester) over caffeoyl-CoA (3,4-dihydroxy-cinnamic acid CoA ester), thus indicating that primarily naringenin (one hydroxyl group in position 4') is formed by CHS/CHI activity in the petals. The 3',4'-dihydroxylated flavonoids in dahlia are due to the presence of a F3'H activity [16] , which introduces an additional hydroxyl group in position 3' at the later biochemical stages, as is the case in most plants [12] . CHI showed strict substrate specificity for 6'-hydroxychalcones and did Not convert 6'-deoxychalcones into the corresponding 5-deoxyflavanones. FHT, DFR and FLS, and FNSII converted 4'-hydroxylated and 3',4'-dihydroxylated flavonoids to a comparable extent. Flavonoid 3',5'-hydroxylase activity could not be detected in any of the dahlia cultivars. This provides an explanation for the lack of delphindin accumulation and the related absence of blue dahlia cultivars. Orange, rose and lilac cultivars were characterized by lower anthocyanin contents compared to the majority of red and magenta cultivars (Figure 3 ). Up to 5.0 µmol pelargonidinequivalents per g fresh weight could be observed, but the majority of the cultivars clearly remained below 0.5 µmol pelargonidin-equivalents per g fresh weight (Figure 3) . Interestingly, the lower anthocyanin content was not reflected by low CHS, CHI, FHT and DFR activities in many of the orange cultivars (Table 1) . Possible explanations could be (i) strong competition for the common intermediates by high PKR and FNSII activities or (ii) a lower ANS activity as a bottleneck for the formation of red pigments. FNS II activities were generally high in most dahlia cultivars investigated (Tables 1-4 ). However, as neither ANS nor PKR can be measured to date in crude enzyme preparations, no final explanation can be provided at this stage on the enzymatic level. Further clarification will be achieved by molecular studies in future.
However, 11 out of the 23 orange cultivars investigated showed reduced CHS, FHT or DFR activities as bottlenecks in the anthocyanidin biosynthesis (Table 1) , which correspond well with the lower anthocyanin content observed.
In contrast to the orange cultivars, the majority of the rose and lilac cultivars showed at least one reduced enzyme activity in the anthocyanin pathway ( Table 2) . Frequently CHS was affected, however only a reduced activity, but not a complete absence of activity was observed. Thus, a bottleneck exists in the anthocyanin pathway, which results in lower anthocyanin contents and thus in the rose color of the petals.
A bottleneck or blockage of a biosynthetic pathway at a certain level usually results in the accumulation of the intermediates formed by the preliminary steps or of side branch products. Sometimes even novel pathways are induced [18] . Reasons for pathway blockage could be a mutation in a single structural gene resulting in an inactive enzyme. Another possibility is that regulatory genes are affected. As a rule this influences more than one enzyme and often the absence of a whole biosynthetic pathway is observed in this case.
Yellow dahlia color is based on the formation of 6'-deoxychalcones. As CHI does not convert 6'-deoxychalcones to the corresponding colorless flavanones, there is no interference with other pathways. This encourages the accumulation and further modification of the yellow pigments. Consequently, only the absence or presence of PKR seems to be decisive for the formation of yellow pigments in dahlia petals. Additional accumulation of anthocyanins results in the occurrence of golden and orange hues. Pure yellow flower color can be achieved only if the pathway leading to anthocyanidins is blocked.
In 23 out of 27 yellow cultivars investigated, lack of DFR activity could be observed (Table 3) . Interestingly, 16 of these plants additionally showed reduced or absent FHT activity. Only one cultivar (Ginny Ann) showed high DFR but low FHT activity, and in three cases (cv. Arc de Triomphe, Lisa, München) reduced ANS activity seemed to be responsible for the lack of anthocyanins in the petals, as CHS, FHT and DFR were clearly shown to be present (Table 3) .
White cultivars were characterized by the absence of anthocyanins and 6'-deoxychalcone based pigments. This must be due to the absence of at least one enzyme involved in anthocyanin and 6'-deoxychalcone formation. With the exception of 6'-hydroxychalcones, all intermediates of anthocyanin formation are colorless. Therefore, blockage of CHS would be sufficient for the occurrence of white flowered cultivars. If the anthocyanin pathway is blocked at later stages (FHT, DFR or ANS), a lack of PKR activity is required in addition.
As in the case of the yellow cultivars, the majority (14 out of 19) of the white cultivars investigated were characterized by either the absence or very low activity of DFR (Table 4 ). As FLS competes with DFR for the common substrates, an increased formation of flavonols in these cultivars is expected. Lacking activities of FHT seemed to be involved (Table 4 ). In the cultivars Kenora Challenger and White Alva, the DFR blockage rather than the decreased CHS activity determines white flower color. It is not surprising that the only white dahlia where a blockage of CHS activity on the petals could be observed was the unstable white-red cultivar, which is not uniformly white, but possesses red and white petals in one flower (Figure 4 ). Chalcones are the intermediates for all flavonoid classes and a bottleneck at this early stage in the pathway probably seriously affects the whole plant as flavonoids fulfill a lot of important physiological functions [8, 10] . Only the white parts did not possess CHS activity and are, therefore, lacking flavonoids; however, this is compensated by the flavonoid formation in the red parts and is, therefore, not critical for the plant. The absence of CHS in the white parts of the variety was confirmed in previous molecular studies (Forkmann and Gallas, unpublished) .
As D. variabilis is a polyploid (in most cases octaploid) plant [1, 3] , several genes for each flavonoid enzyme are probably present and thus, the activities observed could be derived from several isoenzymes, which could possess different substrate activities. This makes dahlia a complex object to be studied and also impedes classical and molecular breeding strategies towards blue dahlia flowers. Future work will focus on the molecular level. Isolation and characterization of the flavonoid genes will provide the possibility to study gene expression and perhaps to identify sequence differences between the isoenzymes. It could also allow allocating distinct genes to parent wild types and elucidating the genetic origin of the impressive variegation of contemporary garden dahlia.
